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Studies on aqueous and organogels derived from low molecular mass species have been of considerable interest in recent years because of the many potential applications envisaged.
[1] While gel formation in aqueous and nonaqueous media by polymers and biopolymers is a well-documented phenomenon, [2] detailed study of low molecular mass gelators has been embarked upon only during the past decade. Recently published examples of small molecule organogelators include steroids, [3] carbohydrates, [4] anthryl derivatives, [5] and urea. [6] We recently reported the first example of the gelation of organic fluids that was promoted by a donor ± acceptor interaction. [7] Although there is a resurgence in the study of low molecular mass organogelators, there is little activity in the investigation of analogous hydrogelators.
[8]
Herein we report that a novel tripodal [9] cholic acid derivative 1 forms gels in aqueous media with remarkable efficiency, and that the gelation process creates highly hydrophobic pockets in a predominantly aqueous environment. We have also demonstrated for the first time the sol to gel transition for a nonpolymeric gel by a color change.
Our interests in bile acid based receptors [10] for small organic molecules led us to the design of tripodal hosts derived from bile acids (1 and 2). These molecules are characterized by an anion-binding site [11] on the ªtopº and multiple hydroxyl groups on the bile acid segment. Compounds 1 ± 3 were synthesized from readily available bile acids using standard procedures. [12] We serendipitously discovered that compound 1 is a highly efficient gelator of aqueous acids, [13] and leads to the formation of gels in many acidic solutions at remarkably low concentrations (0.04 % w/v, 0.30 mm and above, that is, with one gelator molecule immobilizing more than 10 5 water molecules!). Gels prepared with acetic acid/water were strong [14] and transparent. The hydrochloride salt (1´HCl) was prepared to determine if protonation of the tertiary nitrogen atom was important for gelation. This salt was found to form a weak [14] and slightly turbid gel in water. However, the addition of small amounts (8 to 10 % v/v) of an organic cosolvent (such as acetone, ethanol, methanol, or DMSO) led to the formation of strong and transparent gels. It appears that such mixed aqueous ± organic media provide the correct hydrophobic ± hydrophilic balance for optimum gelling conditions for 1´HCl. Gel to sol transition temperatures (T gel ) were measured as a function of the concentrations of the gelator and acetic acid to get an estimate of the thermal stability of the gels (Figure 1 ). The value of T gel decreased at higher acetic acid concentrations, possibly as a result of the solubilizing effect of acetic acid. The morphology of the gel was examined by transmission electron microscopy (TEM; OsO 4 staining) which showed a network structure composed of fibers with submicron dimensions ( Figure 2 ). Electrostatic, hydrophobic as well as hydrogen-bonding interactions may be responsible for the aggregation, but how these fibers are constructed from the individual molecules is not understood at this stage. Closely related compound 2 and nontripodal structure 3 did not gel aqueous acids under identical conditions.
Since aggregation processes in aqueous media are predominantly driven by the hydrophobic effect, we thought it would be interesting to probe the gelation process using a hydrophobic fluorescent probe such as ANS. [15] For this purpose a fluorescence rapidly increased to reach a maximum (I max , ªintermediate stateº), then it decreased at a slower rate. Practically no change in the emission intensity (I final , ªgel stateº) was observed after 3 h, which suggested completion of the gelation process. [16, 17] From the time course of the ANS fluorescence during gelation it seems likely that the gelation process proceeds via an intermediate state of aggregation, where ANS has a higher binding affinity than the final gel state.
The mere presence of 1 in solution in neat AcOH or EtOH, or below the critical gelling concentration (`0. Figure 3) . We feel that the unusual enhancement of hydrophobicity is the result of the formation of networks having highly hydrophobic cavities and/or clefts in which ANS is accommodated. The hydrophobicity in these pockets of the gel network is clearly much higher than the interior of b-cyclodextrin. [18] These studies suggested that it should be possible to visualize the sol to gel transition using a suitable dye whose pK a value is close to the bulk pH value of the gel (ca. 4), and in which the two forms of the indicator bind differentially to the hydrophobic pockets. We found that on addition of the sodium salt of bromophenol blue (BPB) to a solution of 1 in AcOH/H 2 O (final concentrations of 1, BPB, and acetic acid were 7.50 mm, 0.37 mm, and 25 % v/v, respectively) the color of the mixture changed from yellow in the sol phase to green upon gelation. The absorption spectrum of the sol showed a peak at 620 nm which intensified on gelation while the intensity of the peak at 430 nm decreased (Figure 4) . The intensity ratio I 620 /I 430 changed from 0.5 in the sol to 0.8 in the gel which indicated a perturbation of the equilibrium between the neutral and the ionized forms of the indicator. We believe that the conversion of the sp 3 center in the neutral form of BPB to an sp 2 center in the ionized form makes the species more planar, and this form is more easily accommodated in the hydrophobic pocket (Scheme 1). This hypothesis is supported by the fact that induced circular dichroism (CD) Scheme 1. Proton-transfer equilibrium of bromophenol blue.
of BPB is observed for the peak at 620 nm (in the gel state), but not for the peak at 430 nm ( Figure 5 ). This CD band around 620 nm is substantially reduced in intensity on gel to sol transition which implies that these pockets created in the gel network have chiral influence on the bound achiral species in the gel state. In conclusion, we have discovered a novel and highly efficient tripodal cholic acid derived gelator showing unusual aggregation properties that lead to the gelation of aqueous fluids. Structural details of hydrophobic pockets formed in the gel remain to be elucidated, but it is likely that lipophilic bfaces of the cholic acid backbone associate to form the hydrophobic pockets. Detailed structure ± property relationship on this new class of molecules, and further studies on gels from this novel molecule are currently in progress. We are also examining the possibility of utilizing the chiral hydrophobic pockets formed in the gel for carrying out selective chemical transformations.
